1998), but is also not required for mossy fiber LTP (Schlü ter et al., 1999). In contrast, Rab3A, which is essential for mossy fiber LTP (Castillo et al., 1997), is not phosphorylated by PKA.
RIM1␣ is an attractive candidate effector for PKA in the induction of presynaptic LTP since RIM1␣ is required for cerebellar parallel fiber and hippocampal mossy fiber LTP (Castillo et al., 2002) , is a central component of the active zone (Schoch et al., 2002), and binds to Rab3A, which is also essential for mossy fiber LTP (Castillo et al., 1997). We have now tested this hypothesis by examining whether RIM1␣ is phosphorylated by PKA and whether its phosphorylation is essential for induction of parallel fiber LTP. The latter experiments were performed in a cell culture system in which granule cellPurkinje neuron pairs can be transfected presynaptically (Linden, 1997; Linden and Ahn, 1999) to probe the importance of the observed phosphorylation sites. Our data suggest that phosphorylation of RIM1␣ at a single site is essential for triggering LTP and, thus, identify a phosphoswitch that regulates presynaptic active zone function.
Results

Phosphorylation of RIM1␣
To test whether phosphorylation of RIM1␣ by PKA may mediate induction of presynaptic LTP, we examined phosphorylation of RIM1␣ in synaptosomes. Synaptosomes are metabolically active pinched-off nerve terminals that are capable of Ca 2ϩ -triggered release (Whittaker, 1993). We isolated mossy fiber synaptosomes from the CA3 region of the hippocampus, labeled them with inorganic 32 P i , and incubated them in the presence and absence of the phosphatase inhibitor okadaic acid (Figure 1A) . Because the level of protein phosphorylation reacted with RIM1␣, the rabphilin immunoprecipitations isolated RIM1␣ together with rabphilin and confirmed the similarity between their phosphorylation patterns pocampus, but not in synaptosomes obtained from the CA1 region of the hippocampus (Lonart and Sü dhof, ( Figure 1B and data not shown).
We had previously shown that forskolin specifically 1998). To determine whether RIM1␣ phosphorylation is also regionally regulated, we compared the phosphorystimulated phosphorylation of rabphilin in mossy fiber synaptosomes isolated from the CA3 region of the hiplation of RIM1␣ in synaptosomes prepared from the CA1 and CA3 regions using rabphilin and synapsins as posiby PKA and to search for potential additional PKA phosphorylation sites, we examined purified recombinant tive controls. We stimulated synaptosomes with 50 M forskolin or 20 mM KCl (which depolarizes the membrane GST-fusion proteins that completely cover RIM1␣ in overlapping fragments. Fusion proteins were incubated and induces Ca 2ϩ influx), and analyzed the phosphorylation of RIM1␣, rabphilin, and synapsins by immunoprewith 32 P-␥-ATP and the catalytic subunit of PKA and were analyzed by SDS-PAGE, Coomassie blue staining, cipitation followed by SDS-PAGE and autoradiography ( Figure 1C) . The phosphosignal for all proteins was and autoradiography ( Figure 2B ). The two fusion proteins that contain the PKA consensus sequences, but higher in CA1 synaptosomes than in CA3/mossy fiber synaptosomes, possibly because the former contain a not other fusion proteins, were phosphorylated to near stoichiometry (0.8 mol phosphate/mol protein for GSThigher concentration of active nerve terminals. Forskolin appeared to enhance RIM1␣ phosphorylation only in RIM 377-516 and 0.6 mol phosphate/mol protein for GST-RIM ). To validate that serine 413 and serine 1548 CA3 synaptosomes, but not in CA1 synaptosomes, whereas KCl was without significant effect ( Figure 1C) .
were phosphorylated in these fusion proteins, we mutated the serine 413 and serine 1548 to alanine or asparRabphilin phosphorylation, in contrast, was enhanced by KCl depolarization as described (Lonart and Sü dhof, tate. These mutations inhibited phosphorylation by Ն90%, confirming that these sites are the primary sub-1998). Since the signals induced by forskolin were not as strong as those induced by okadaic acid (compare strates for PKA (data not shown). Are serine 413 and serine 1548 phosphorylated by Figure 1A with Figures 1B and 1C; this is probably due to the fact that RIM1␣ is also phosphorylated by other PKA in vivo? To address this question, we raised antibodies to synthetic peptides containing the phosphorykinases), we quantitated the phosphorylation of RIM1␣ by PhosphoImager detection. This quantitation conlation sites with a central phosphoserine residue. We confirmed that the phosphospecific antibodies only refirmed that RIM1␣ phosphorylation is stimulated by forskolin in CA3-but not CA1-region synaptosomes (Figure acted with their cognate GST-fusion proteins when these were phosphorylated, and the reactivity was 1C). Thus RIM1␣ phosphorylation correlates with the region-specific PKA regulation of glutamate release (Loblocked by the respective phosphopeptides ( Figures  3A and 3B Figure 1A) . Analysis of the synaptosomal proteins by immunoblotting showed that the phospho-PKA phosphorylation, one between the N-terminal zinc finger and the central PDZ domain (residues 410-413), serine 413 antibody detected only a weak RIM1␣ signal in control synaptosomes but a strong phosphoRIM1␣ and a second at the very C terminus (residues 1545-1548; Figure 2A ). These sequences are highly conserved band after okadaic acid treatment ( Figure 3C ). In addition, nonspecific bands that did not change upon okain vertebrate RIMs but absent from invertebrate RIMs. To determine whether these sites are phosphorylated daic acid treatment were observed (asterisks in Figure 3C ). Antibodies against phosphoserine 1548 of RIM1␣, however, only reacted with a faint band corresponding to RIM1␣ that exhibited no significant change upon okadaic acid treatment ( Figure 3D ). For all experiments, control blots with phosphorylation-independent antibodies to RIM1␣ documented that equal protein loads were applied (right lanes in Figures 3C-3E ). We next examined whether RIM1␣ phosphorylation on serine 413 is mediated by PKA, and whether similar RIM1␣ phosphorylation can also be observed in other synapses that exhibit presynaptic LTP. For this purpose, we prepared cerebellar synaptosomes that are almost exclusively derived from parallel fiber synapses (which exhibit presynaptic LTP). We treated the cerebellar synaptosomes with okadaic acid as a general phosphorylation stimulus as described above and with the cAMP analog Sp-8CPT-cAMP-S as a specific stimulus for PKA ( Figure 3E ). This cAMP analog induces an LTP-like potentiation of synaptic transmission in cultured neurons under the same conditions (see below). We found that both agents equally induced RIM1␣ phosphorylation on serine 413. Again, no change in total RIM1␣ protein was observed. Together, these data demonstrate that phosphorylation of serine 413 in RIM1␣ is dynamically regulated in hippocampal and cerebellar synaptosomes in a manner that correlates with the salient features of PKA-dependent presynaptic LTP.
Developmental Regulation of RIM1␣ Phosphorylation on Serine 413
Synaptosomes as an ex vivo preparation may not accurately reflect in vivo phosphorylation. Thus, we tested whether RIM1␣ is phosphorylated on serine 413 in normal rat brain using the phosphospecific antibodies. In these experiments, we probed brain homogenates from developing rats (postnatal days [P]1-60) to search for a potential developmental regulation of RIM1␣ phosphorylation on serine 413. This approach was guided by the notion that synaptic plasticity likely changes during development. Thus, if phosphorylation of RIM1␣ is involved in long-term plasticity, it is likely that RIM1␣ phosphorylation is also developmentally regulated.
Brain homogenates were prepared in the presence of phosphatase inhibitors and examined by immunoblotting with phosphoserine 413-specific and general RIM1␣ antibodies. Bands were visualized with HRP-labeled secondary antibodies and ECL detection and were cess. This conclusion is reinforced by the finding that However, this increase does not account for the develthe basal electrophysiological parameters of synaptic opmental phosphorylation of RIM1␣ since the levels of function were unaltered in naive and rescued RIM1␣-synapsins increased even more dramatically than those deficient neurons (Table 1) . These parameters included of RIM1␣ but synapsin phosphorylation did not (Figgeneral S413A rescue, n ϭ 6; RIM1␣ KO/RIM1␣ S413D rescue, n ϭ 5; RIM1␣ KO/RIM1␣ S1548A rescue, n ϭ 6; RIM1␣ KO/RIM1␣ S1548D rescue, n ϭ 6).
A Critical Role for Serine 413 of RIM1␣ in Cerebellar LTP
We next investigated whether phosphorylation of either serine 413 and/or serine 1548 is involved for cerebellar LTP. For this purpose we transfected RIM1␣-deficient neurons with wild-type RIM1␣ or mutant RIM1␣ containing substitutions in the phosphorylation sites. For each phosphorylation site, serine-to-alanine and serine-to-aspartate substitutions were examined. The aspartate substitutions were included to mimic the phosphorylated serines, although aspartate residues do not always act like phosphorylated serines. Strikingly, we found that mutant RIM1␣ containing either alanine or aspartate substitutions in serine 413 was unable to rescue LTP in RIM1␣-deficient neurons (101% Ϯ 7.9% and 98% Ϯ 7.0% of baseline, respectively, n ϭ 6 and 5, t ϭ 25 min). In contrast, mutant RIM1␣ containing either substitution in serine 1548 rescued LTP similar to wild-type RIM1␣ (S1548A, 184% Ϯ 11.6% of baseline at t ϭ 25 min, n ϭ 6; S1548D, 191% Ϯ 11.1% of baseline at t ϭ 25 min, n ϭ 6) ( Figure 5B) . None of the transfections had an effect on the fundamental properties of synaptic responses (Table 1) . were performed using mutant RIM1␣ constructs in KO/RIM1␣ S1548A rescue, n ϭ 6; RIM1␣ KO/RIM1␣ S1548D rescue, n ϭ 6). Figure 6B ), serine 413 mutants were again unable to rescue the potentiation induced by the cAMP analog (S413A ϭ 111% Ϯ 9.0% and S413D ϭ by whole-cell patch loading with AlexaFluor 350 hydra-113% Ϯ 9.5% of baseline at t ϭ 25 min, n ϭ 5). Howzide. Wild-type and serine 413 mutant RIM1␣ were found ever, as in the case of synaptically induced LTP, serine in 93% Ϯ 6% and 95% Ϯ 4% of presynaptic terminals, 1548 mutants functioned similar to wild-type RIM1␣ respectively (n ϭ 20 granule cells for each), indicating (S1548A ϭ 209% Ϯ 11.6% and S1548D ϭ 216% Ϯ 10.8% that the S413A mutant RIM1␣ does not fail to reach of baseline at t ϭ 25 min, n ϭ 6). presynaptic terminals. However, the possibility still remains that RIM1␣ serine 413 mutants are trafficked to presynaptic terminals but are not functionally incorpoTransfection of Serine 413 Mutant RIM1␣ into Wild-Type Neurons Partially Inhibits Cerebellar LTP rated into the release machinery. To address this possibility, cerebellar cultures derived from wild-type mice Our results suggest that phosphorylation of RIM1␣ at serine 413, but not serine 1548, is required for LTP.
RIM1␣ Is Required for
RIM1␣-deficient cultures (
were transfected with EGFP alone or with EGFP and mutants of RIM1␣ lacking the N-or the C-terminal phosHowever, it is possible that RIM1␣ serine 413 mutants are not trafficked to the presynaptic terminals. To conphorylation site. We then measured the effect of the expressed proteins on LTP with the idea that if serine trol for this possibility, we transfected cultured cerebellar neurons from wild-type mice with wild-type or serine 413 mutant RIM1␣ is functionally incorporated into the release machinery, it may act as a dominant-negative 413 mutant RIM1␣ fused to GFP. Presynaptic terminals were visualized with rhodamine 123, a vital stain for in LTP induction. , 2000) , and the cell volume was visualized hibited LTP similar to that seen in untransfected wild-type neurons (202% Ϯ 10.5% of baseline at t ϭ 25 min, n ϭ 7). LTP was severely inhibited in neurons transfected with both serine 413 mutants of RIM1␣ (S413A ϭ 128% Ϯ 8.6%, and S413D ϭ 155% Ϯ 8.8% of baseline at t ϭ 25 min, n ϭ 6; Figure 7A ). However, wild-type neurons transfected with the two mutants of serine 1548 of RIM1␣ showed normal LTP (S1548A ϭ 213% Ϯ 12.7%, and S1548D ϭ 193% Ϯ 11.8% of baseline at t ϭ 25 min, n ϭ 5). The residual LTP in wild-type neurons transfected with serine 413 mutants was completely blocked by bath application of the PKA inhibitor KT5720 at a concentration of 10 M (S413A ϭ 104% Ϯ 9.0%, n ϭ 6, and S413D ϭ 99% Ϯ 7.2% of baseline at t ϭ 25 min, n ϭ 6; Figure 7B) . Furthermore, the LTP-like effect produced by bath application of Sp-8CPT-cAMP-S (100 M, t ϭ 0-5 min) was strongly attenuated by transfection with serine 413 mutant RIM1␣ S413A (130% Ϯ 9.1% of baseline at t ϭ 25 min, n ϭ 6, compared with a control group transfected with EGFP alone, 215% Ϯ 14.6% of baseline, n ϭ 5; or EGFP plus RIM1␣ S1548D, 210% Ϯ 13.8% of baseline, n ϭ 6; see Figure 7C ). Taken together, these results suggest that partial displacement of endogenous wild-type RIM1␣ by serine 413 mutant RIM1␣ attenuates LTP because it prevents normal phosphorylation of RIM1␣. , which makes it computationally proband 6B). The serine 413 mutations did not inactivate the trafficking of RIM1␣ because the mutant RIM1␣ that was lematic in a memory network. The finding that serine 413 mutant RIM1␣ supports normal basal synaptic propunable to rescue LTP in RIM1␣-deficient neurons was transported to presynaptic terminals. Furthermore, erties but blocks LTP induction suggests a powerful tool for addressing the role of presynaptic LTP in certain when expressed in wild-type neurons, the serine 413 mutants depressed LTP induced by either tetanic stimuforms of cerebellar motor learning. Thus, a mutant mouse in which wild-type RIM1␣ were replaced by serlation or a cAMP analog (Figure 7) , suggesting that the RIM1␣ mutants functionally displaced endogenous wildine 413 mutant RIM1␣ could provide a rigorous test of the hypothesis that presynaptic cerebellar LTP is retype RIM1␣.
Wild-type neurons transfected with EGFP alone exmitochondria that labels presynaptic terminals (Zenisek and Matthews
Discussion
Long-term modification of synaptic strength is central to the activity-dependent modulation of neuronal networks
There are caveats in the interpretation of our experiquired for these behavioral phenomena. Our study raises several new questions. It is striking ments that should be mentioned. While the observation that transfecting serine 413 mutants of RIM1␣ attenuthat phosphorylated serine 413 is conserved in RIM2␣ and RIM2␤ (Wang and Sü dhof, 2003), which are widely ates LTP in wild-type cultures is consistent with their functional incorporation into the release machinery, it is coexpressed with RIM1␣. Although this conservation supports the notion that RIMs are generally regulated formally possible that the serine 413 mutants not only fail to incorporate into the vesicular release machinery, by PKA-dependent phosphorylation, the question arises why RIM2␣-which is biochemically similar to RIM1␣-but also prevent binding partners of RIM1␣ to incorporate. However, this is unlikely because exclusion of bindcannot substitute for RIM1␣ in the knockout mice. It is possible that in spite of their similarity, these proteins ing partners such as Munc13-1 from synapses would be expected to dramatically change the basal properties perform at least partially different functions or that there is a threshold effect where decreases in either RIM1␣ of synaptic transmission (Augustin et al., 1999), which we did not observe (Table 1 ). Another concern is that or RIM2␣ might prevent LTP. A related question is why some synapses exhibit RIM1␣-dependent LTP, whereas many of the present observations were made in a biochemical system (synaptosomes) or a cell culture model others lack this type of LTP but instead display RIM1␣-dependent short term plasticity (Castillo et al., system (cultured granule and Purkinje neurons). It is therefore possible that the mature, intact brain might 2002; Schoch et al., 2002). Again, this difference does not appear to depend on the coexpression of RIM2␣, differ. We also believe this to be unlikely because we were able to detect RIM1␣ phosphorylation in normal which is probably present in most synapses, but could be due to the expression of different RIM1␣ and RIM2␣ brain using the phosphospecific antibody and because the RIM1␣ knockout similarly impairs parallel fiber LTP splice variants that may regulate protein-protein interactions (Wang and Sü dhof, 2003). Alternatively, this differin brain slices (Castillo et al., 2002) and in culture (our data) without obvious effects on basal synaptic funcence may be caused by cell-type specific expression of different RIM-interacting proteins, or the phosphorylations.
Use-dependent modulation of the strength of the partion state of RIM1␣ may be constitutively upregulated at synapses that display RIM1␣-dependent short term allel fiber-Purkinje neuron synapse by LTP and LTD has been widely hypothesized to contribute a portion of the plasticity. The latter possibility is suggested by Figure  1C , which demonstrates that at steady state, the phosengram for certain forms of motor learning, most notably associative eyelid conditioning and adaptation of the phorylation state of RIM1␣ is higher in CA1 than in CA3 region synaptosomes, an effect that could be due to vestibulo-ocular reflex (Raymond et al., 1996 
